study question: What is the performance of a simple scoring system to predict whether women will have an ongoing viable intrauterine pregnancy beyond the first trimester?
Introduction
Miscarriage [defined as the loss of pregnancy before 24 completed weeks' of gestation (RCOG, 2006) ] is the most common serious pregnancy complication. It is not generally associated with serious physical morbidity or mortality (Trinder et al., 2006) , but very often has a significant social and psychological impact on the mother (Lok and Neugebauer, 2007) . The physician has an important role in making an accurate and certain diagnosis of pregnancy failure and relaying this information in a sensitive and professional manner. Evidence-based practice should always be employed to ensure that an accurate diagnosis is made in order to avoid inadvertent termination of a potentially viable pregnancy; but the physician must also avoid giving false assurance regarding a pregnancy that is in fact likely to fail.
The exact incidence of miscarriage is difficult to assess. A commonly quoted figure for the rate of clinical miscarriage is around one in five recognized pregnancies (Savitz et al., 2002) . Prospective observational studies suggest a rate of 31-38% when the high number of 'biochemical' pregnancies is included (Ellish et al., 1996; Zinaman et al., 1996) . It is likely that the rate of miscarriage of clinically recognized pregnancies is increasing as a result of earlier recognition of pregnancy with commercially available, highly sensitive, urine-based, home pregnancy tests and the easy availability of transvaginal ultrasonography (TVS). The number of women who suffer a miscarriage at home without any medical involvement is unknown but the miscarriage rate among women attending an early pregnancy unit is 17-46% (Bigrigg and Read, 1991; Shillito and Walker, 1997; Schauberger et al., 2005) .
Individual maternal and ultrasound factors are known to be associated with a higher likelihood of miscarriage. Predominantly owing to the increase in chromosomal abnormalities with maternal age, maternal age is the most important demographic variable in the prediction of miscarriage with a steep increase in the risk after 35 years of age (De la Rochebrochard and Thonneau, 2002) . Approximately 20% of pregnancies in 35-year-old women result in fetal loss compared with 55% at 42 years (Nybo Andersen et al., 2000) .
Pain and bleeding are the most common reasons for women to be seen in an early pregnancy assessment unit (Bigrigg and Read, 1991) . However, the influence of these is poorly described in relation to prediction of the diagnosis of miscarriage. Vaginal bleeding occurred in at least 20% of women in a prospective community-based early pregnancy study and over half (55%) of the women who presented with bleeding ultimately went on to miscarry (Everett, 1997) . Women having moderate or heavy bleeding have more than twice the rate of miscarriage compared with those having light bleeding (Poulose et al., 2006) .
Where the diagnosis of miscarriage is not made at the first ultrasound assessment, various ultrasound factors have been described as possible predictors of subsequent outcome . The rate of miscarriage after initial visualization of cardiac activity is 2-16% (Cashner et al., 1987; Siddiqi et al., 1988; Hill et al., 1991; Makrydimas et al., 2003) . Measurements of fetal size below expected for gestational age or decreased embryonic growth are associated with subsequent miscarriage (Mantoni and Pedersen, 1982; Reljic, 2001; Choong et al., 2003; Mukri et al., 2008; Bottomley et al., 2009a) . Single measurements of small gestation sac (GS) size and a small difference between mean sac diameter (MSD) and crown-rump length (CRL) have also been associated with an increased likelihood of miscarriage after initial confirmation of viability (Bromley et al., 1991; Dickey et al., 1992) . A yolk sac (YS) diameter of more than 2 SDs either above or below the mean for gestation is associated with a high specificity for miscarriage (95.3% below mean, 97.4% above mean). A very large sac ('mega YS') is considered pathological and is usually associated with pregnancy loss .
The role of subchorionic haematoma as a predictor of miscarriage remains controversial and a prospective study has shown that the presence of such a haematoma in the first trimester is not an independent risk factor for miscarriage after vaginal bleeding has been taken into account (Johns et al., 2003) .
Some previous attempts have been made to determine how these variables can be combined to predict miscarriage in women after initial ultrasound. For example in 322 women, a multivariate model including MSD, CRL, fetal heart rate, maternal age and gestational age had an area under the curve (AUC) in the receiver operating characteristic (ROC) curve of 0.87 [95% confidence interval (CI) 0.80-0.95] (Choong et al., 2003) . This was in an IVF population of women with an average age of 34 years who may have been at high risk of miscarriage. Another study of 270 women with vaginal bleeding and an initially viable fetus found that independent risk factors for subsequent miscarriage were fetal bradycardia, a small discrepancy between the MSD and CRL and a discrepancy between menstrual and ultrasound age. Where none of the three risk factors was present, the chance of miscarriage was 6% compared with 84% when all were present (Falco et al., 1996) .
A further recent retrospective assessment of 768 women who miscarried (compared with 4698 with a normal first-trimester outcome)
Early pregnancy viability score showed that in a logistic regression (LR) model the addition of ultrasound variables to maternal demographics and the presence of bleeding was associated with a prediction rate for miscarriage of 85.7% (at a false-positive rate of 30%; Papaioannou et al., 2011) .
The aim of our study was to prospectively collect demographic and symptom variables and ultrasound data on all women attending our early pregnancy unit for ultrasound assessment in order to develop and evaluate a simple and practical model to predict the likelihood of a woman having a viable intrauterine pregnancy at the end of the first trimester.
Materials and Methods
The national ethics committee confirmed that this prospective observational cohort study did not require ethical approval (January 2006). The study group was composed of all women attending an early pregnancy assessment centre for ultrasound assessment during a 9-month period (January to October 2006). The unit is located within an inner city university hospital with an open-access early pregnancy service. Women either self refer or are referred by the general practitioner or emergency department. Prior to a TVS, the referral indication was recorded and all the women completed a detailed written questionnaire on their demographic details (including ethnicity and age), obstetric history and current pregnancy symptoms (pain or bleeding) immediately prior to consultation. A pictorial blood-loss chart was used to quantify the amount of reported bleeding, allocating a score of 0 to 4, where 0 represented no bleeding and 4 represented clots or 'flooding'. This is described hereafter as the 'bleeding score'. A visual analogue pain score was used, using a 100-mm horizontal line, with 0 representing 'no pain at all' and 10 representing 'the worst pain I can imagine'.
TVS was then performed using a 5 MHz transducer for B mode imaging (Aloka SSD 900, 2000, 4000 or GE Voluson 730). All operators were experienced sonographers (specialist nurse, midwife or gynaecologist). Ultrasound findings were contemporaneously entered onto an electronic database (Viewpoint PIA database, LB Systems, Vienna, Austria). Whether or not a YS was seen, whether or not an embryo was seen and whether or not a heart beat was seen were recorded. Measurements of MSD and mean YS diameter were taken in three orthogonal planes and the CRL was recorded.
The criteria for inclusion in the study analysis were first attendance in the index pregnancy, a history of a positive pregnancy test and a gestational age, defined as the number of days from the first day of the last menstrual period (LMP) of no more than 84 days (in women with known LMP only). Women were excluded if they presented post-partum or with complications from termination of pregnancy or previously diagnosed early pregnancy loss. Women with multiple pregnancies, patients who were not in fact pregnant and those in whom first trimester outcome was unknown were excluded from the study.
The TVS outcomes were pre-defined using the recommended criteria at the time, as described previously (Bottomley et al., 2009b) and shown in Table I . Depending on the outcome of the assessment, women were managed according to standard departmental protocols, consistent with the contemporaneous Royal College of Obstericians and Gynaecologists (RCOG) guidelines (RCOG, 2006) . Women with inconclusive TVS findings (pregnancy of unknown location or intrauterine pregnancy of uncertain viability) were managed expectantly.
The first-trimester outcome was ascertained from the early pregnancy unit database if the woman had been diagnosed with a subsequent miscarriage or from the fetal medicine unit database or by direct telephone contact with the woman if she had not had further care within our department. Outcomes were defined as an ongoing intrauterine pregnancy, where a live fetus had been seen at the routine 11 -14 week scan, or early pregnancy loss where the pregnancy had resulted in miscarriage, ectopic pregnancy or failed pregnancy of unknown location. Women who could not be contacted for follow-up or who underwent termination of pregnancy were excluded from the analysis, as the first-trimester outcome could not be assumed.
The terms 'embryo' and 'fetus' are used interchangeably in this paper as the study spanned the embryonic-fetal boundary period of 10 weeks gestation.
Statistical analysis
The data were randomly split into a training set (two-thirds) and a test set (one-third). Missing data were imputed using multiple imputation (Siddique and Harel, 2009) . Twenty imputed data sets were used to train LR models.
One model solely included demographic and symptom variables. A second model considered only variables measured at the first scan. A third model combined both previous models. All variables were first tested for their significance in a univariable LR model. If necessary, variables were transformed in order to deal with non-linear variable effects. Variables with a P-value ,0.1 were retained for multivariable LR. Relations between variables were checked using Pearson and Spearman correlation coefficients. Variables resulting in unstable coefficient estimates (high variance inflation factor) were removed from the model. When making a selection between highly correlated variables, those variables that are more reliable, easy to measure and clinically more relevant were selected. Binary interactions were investigated. After training the LR models, scoring systems were derived to improve clinical applicability and interpretability (Sullivan et al., 2004) . A ROC curve was constructed to describe the relationship between the sensitivity and the false-positive rate (12 specificity) for the use of the models in the prediction of ongoing viability. The AUC was calculated combining all imputed data sets. For the final model, a cut-off was defined at 90% of sensitivity on the training set.
The data collected have also been used for further separate analyses of growth rates and optimal timing of ultrasound scans (Bottomley et al., 2009a (Bottomley et al., ,b,c, 2011 .
Results
During the study period, 1881 women attended the early pregnancy unit for ultrasound assessment, of whom 1435 fulfilled the criteria for inclusion in the study analysis. The median age was 32 years (range: 15 -30), the median gravidity was 2 (range: 1-12) and 866 women were white, 231 black, 149 Asian and 189 of other or unknown ethnicity. The referral indication for assessment was bleeding in 657 women and pain in 522. Of these, 299 had both bleeding and pain. A total of 406 women were asymptomatic and presented for dating or reassurance scans. In 224 women (15.6%), no information on pain was available and in 58 women (4%) no information on bleeding was available.
The median gestational age at presentation was 50 days (interquartile range 42 -62 days). At the first TVS, 713 women had pregnancies with an embryo demonstrating cardiac activity and 376 had intrauterine pregnancies of uncertain viability [GS only: 51, GS and YS (no embryo): 290, GS and embryo (no cardiac activity) ,6 mm: 35]. A total of 213 had a pregnancy of unknown location and the remainder had been diagnosed with non-viable pregnancies at the first scan (111 miscarriage and 22 ectopic pregnancy).
The final outcome was an ongoing viable pregnancy in 885 and early pregnancy loss in 550 women. Of early pregnancy losses 408 were miscarriages, 34 were ectopic pregnancies and 108 were failed pregnancies of unknown location.
Prediction of miscarriage using demographics and symptoms alone Table II shows the demographic and symptom variables tested for significance for the prediction of viability and the results of the multivariable analysis. The multivariable model had an AUC of 0.739 (95% CI ¼ 0.706-0.772) on the training and 0.731 (95% CI ¼ 0.685 -0.778) on the test set. The scoring system derived from this model is presented in Table III . For both variables in the table, different categories are defined. Depending on the category in which the variables of a patient fall, the corresponding points need to be added to obtain a score. The estimated chance of an ongoing viable pregnancy beyond the first trimester that is linked with the obtained score is then found using Table IV The following variables were highly correlated: referral indication of bleeding, current bleeding and bleeding score. Only the bleeding score was retained for further analysis, since this variable contained the most information. Whether or not the patient was currently reporting pain was highly correlated with the pain being the referral indication for presentation to the unit; therefore, only the variable 'currently reporting pain' was retained in the multivariable analysis. The referral indication of 'uncertain dates' and whether or not the cycles were regular were also highly correlated, and only the latter was retained for analysis. As regular cycles and the number of previous late miscarriages did not fit with the existing literature or have obvious clinical plausibility, they were not retained in the analysis (Steyerberg, 2009 ).
Prediction of miscarriage using ultrasound variables alone CRL, MSD and mean YS diameter, whether or not a YS was seen, whether or not an embryo was seen and whether or not a heart beat were seen were all significant in a univariable model, as shown in Table V . In a multivariable model, MSD, YS diameter and whether or not a heart beat was seen remained independent predicting factors.
An interaction between the MSD and the presence of a heart beat was introduced, since the effect of the mean GS size was different depending on whether a heart beat was seen or not. CRL and MSD were highly correlated. CRL was therefore no longer considered, since MSD was more often measured (CRL being measurable only in those pregnancies with a visible embryo). Table V 
Prediction of miscarriage using a combination of all available information
When all possible covariates (demographic information, symptoms and ultrasound findings) were combined to predict viability at the end of the first trimester, the same variables remained significant. The resulting scoring system is summarized in Table VI. Table VII is used to obtain the estimated chance of an ongoing viable pregnancy beyond the first trimester.
The LR model had an AUC of 0.903 (95% CI ¼ 0.883 -0.923) and 0.927 (95% CI ¼ 0.904-0.950) in the training and the test sets, respectively. The AUC of the scoring system derived from the model was 0.901 (95% CI ¼ 0.881-0.920) and 0.924 (95% CI ¼ 0.900-0.947) in the training and the test sets, respectively. Calibration of the model was excellent on the training and the test data.
After defining the cut-off for which the sensitivity is 0.900 in the training set, this model performed with a sensitivity of 0.922, specificity of 0.733, positive predictive value of 84.7% and negative predictive value of 85.4% in the test set.
In view of the number of women with missing variables, the model was retrained using only women where all relevant variables were available. The conclusions remained the same as in the presented analysis. The scoring system had an AUC of 0.922 (CI ¼ 0.891-0.953) in the test data set. Similarly, in order to assess whether the scoring system was likely to perform as well in an asymptomatic population, the model was retrained using only the women without pain or bleeding. The conclusions remained the same as in the presented analysis. The AUC of the final score system in this asymptomatic population was 0.954 (CI ¼ 0.9154-0.993) in the test data set.
Discussion
Our results have demonstrated that routine (but carefully defined) clinical information about the mother and her symptoms as well as some simple ultrasound-derived parameters can be combined to very accurately determine an individual's likelihood of maintaining a viable pregnancy at the end of the first trimester. The combination of such factors (age, bleeding score, gestational age, mean gestation and YS sizes and the presence of fetal cardiac activity) provides a more accurate prediction of viability than any of the individual factors alone.
This model is easily transferable to the clinical setting by way of the presented scoring system, where both maternal and ultrasound variables are easily available to the physician and can be used to make an accurate assessment of the likelihood of viability, as shown in Table VI . For example, a woman of 36 years with a bleeding score of 1, and mean GS diameter of 25 mm, YS diameter of 5 mm and visualized fetal cardiac activity has a total score of 2, equivalent to a 91% chance of viability (or 9% chance of early pregnancy loss before 11 -14 weeks).
The study used only variables easily available or measurable in the early pregnancy setting. Results of univariable and multivariable LR on the training set. The grey areas indicate the variables that were considered for multivariable LR. Positive coefficient ratios and odds ratios .1 signify a higher chance of pregnancy viability. CI1, lower 95% confidence interval. CI2, upper 95% confidence interval. gestation derived from ultrasound is well reported (Papaioannou et al., 2010) . However, we have shown in a previous study that the ability to make a diagnosis is not influenced by the certainty of dates (Bottomley et al., 2009b) and the performance of our model is good using the information provided by women at presentation. BMI and smoking variables were a potential omission in the data collection in this study and might further improve the model performance if included. A further limitation in this study is the absence of information on either bleeding or pain in 18% of women. We imputed all missing data in order to take all available information into account, as excluding cases with missing data is deemed potentially misleading (Sterne et al., 2009) . The study agrees with our current knowledge that miscarriage is more likely with increasing maternal age and in the presence of vaginal bleeding and that it is less likely after the visualization of embryonic cardiac activity. The advantage of our model is that it incorporates the more complex interaction of variables that experienced clinicians are aware of. For example, larger gestational sac size at presentation does not increase the likelihood of a pregnancy being viable, as shown by a more negative score allocated for increasing gestational sac size. However, this is compensated for in the scoring system if there is fetal cardiac activity present and the YS is appropriately sized. This point also explains the apparent anomaly that the presence of cardiac activity alone gives a negative score as it is balanced by an increasingly positive score dependent on the size of the GS.
Unsurprisingly, using the scoring system to predict outcomes in women prior to an ultrasound scan (employing the 'pre-test' demographic and symptoms data only), performs much less well than combining both the pre-test and post-test (ultrasound) variables.
The study was undertaken when the RCOG guidelines on early pregnancy loss management recommended that the diagnosis of a missed miscarriage was made when there was an embryo of .6 mm without visible heart beat or empty sac of .20 mm without embryonic structures. This has subsequently been revised and the recommended criteria have been extended to 7 and 25 mm, respectively (Abdallah The mean gestational sac diameter to the power of two is considered here. Interaction effect between gestational sac size and presence of fetal heart beat.
Early pregnancy viability score RCOG, 2012) . The number of cases near the decision boundaries are small, and therefore, we do not anticipate that this would have made a significant impact on our findings.
One criticism of this study might be that, as miscarriage cannot be prevented, the outcome is not changed by this prediction model. We believe that medical care for women in early pregnancy should be orientated not just towards physical medical well-being and detection of pathological pregnancy but also to the psychological care of hopeful parents to be. For many couples, miscarriage is associated with significant psychological morbidity. As many as 50% of women suffer some form of psychological effect from miscarriage, which may last from 6 to 12 months after the event, with a major depressive disorder reported in 10-50% (Lok and Neugebauer, 2007) . Elevated anxiety and depression have been observed in 45 and 15% of 204 women diagnosed with a delayed miscarriage, respectively, with the mean score of grief being similar to that observed at the time of the loss of a close relative (Nikcevic et al., 1998) . Whether early warning of probable miscarriage can modify the psychological morbidity associated with pregnancy loss needs to be assessed. In the meantime, data to support our clinical judgement of the viability of a pregnancy can only improve our patients' care.
To our knowledge, this is the largest prospective study to address the prediction of miscarriage in an early pregnancy population. We In the absence of a fetal heart beat (only allocate a score here for patients in whom a fetal heart beat is NOT visualized) :
Mean gestational sac size ,5 0 5.00-9. Link between the points of the scoring system and the estimated chance of ongoing pregnancy viability beyond the first trimester.
have collected both maternal and ultrasound data prospectively, using predefined questions and measurements, which increases the likelihood of its accuracy. The analysis has been developed to allow its easy and simple incorporation into everyday clinical practice. As the work relates to relatively high-risk women presenting largely with pain or bleeding to an early pregnancy assessment unit, caution should be exercised before the model is employed for other populations. The results are now being prospectively tested in different early pregnancy populations, including those where women present for dating and viability rather than with predominant symptoms of bleeding or pain.
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